The dynamics of liposome solubilization was monitored by dynamic light scattering and optical microscopy. A newly designed Y-shape microchannel connected to a room was incorporated into a microchip and the reaction processes of the liposome suspension and surfactant solution were observed in the room after mixing the two fluids and stopping the flow. By using this microchip, we succeeded in real-time monitoring of liposome solubilization and the following dynamic processes of solubilization were proposed: 1) Deformed liposomes become spherical.
Introduction
A liposome is a vesicle formed of a phospholipid bilayer, and since its discovery by Bangham 1 it has attracted much interest, and has been used in biomembrane models, 2 cell tracking, 3, 4 drug delivery systems (DDSs), [5] [6] [7] and cosmetics. 8, 9 It is an interesting material because it acts as a barrier between two water phases. For DDS and cosmetic applications, liposomes are used as capsules for transporting pharmacological agents; these capsules are designed to release the agents at designated places. Hence, they are important for understanding the liposome rupture mechanism. Liposome solubilization by a surfactant is a fundamental rupture process, and is a topic that attracts much interest of researchers because the process can be practically utilized for the purification and analysis of biomembranes and membrane proteins. 10 TritonX-100 (TX) is one of the surfactants used for biomembrane solubilization, and since the first reported study by Lichtenberg et al., 11 many studies concerning the dependence of the surfactant and lipid concentrations have been reported. [12] [13] [14] [15] At present, the three-stage model is generally accepted for the equilibrium state, depending on the surfactant concentration. 11, [16] [17] [18] [19] At low concentrations, surfactant molecules are taken up into the liposome membrane without breaking up the vesicle. As the ratio of the surfactant molecules in the membrane increases to a critical ratio, mixed micelles and liposomes coexist in the middle range of the surfactant concentration. For higher concentrations, all of the liposomes are changed into mixed micelles. It is known that electrostatic and hydrophobic interactions between phospholipids and surfactants play a critical role in the reaction from a microscopic viewpoint. 20 In addition, a variety of structures of vesicles and mixed micelles have been reported, depending on the surfactant concentration and/or the factor of molecular shape; it is explained by the packing parameter. 21, 22 Thus, the studies on the vesicle or micelle shape and size after solubilization comes to an equilibrium are understood well. However, temporal changes in the shape and size of liposomes have not been reported well, 14, 23, 24 and were thus investigated in this study. We used the dynamic light scattering (DLS) technique for monitoring changes in the liposome size during the liposome solubilization process. In DLS measurements, it is necessary to stop the flow after mixing TX solution and liposome suspension homogeneously. However, because uniform mixing is difficult in a conventional microglass cell, we used a Y-shape microchannel in a microchip, where the two fluids were contacted at the intersection, and mixed in the following channel. For real-time monitoring of the liposome size in a microchip, which requires short integration times, the detection of a small number of particles in a microchannel is problematic. To overcome this problem, we used the DLS technique reported by Nomura and Katayama, 25 which has a 20-times higher sensitivity than the conventional method.
Moreover, we directly observed the reaction by using an optical microscope. Since it is difficult to observe a single liposome throughout the reaction, because the liposome moves out of the view field due to the flow, we designed a "room-embedded microchip" that has a wider channel compared with that of a conventional microchip. In this microchip, the two fluids in contact at the Y-shape intersection were mixed in the channel by diffusion. The room was connected at the end of the mixing channel. Since the flow rate suddenly decreases when the flow comes into the room, it is easy to control the flow and stop procedures compared with a conventional microchip.
This study aims to clarify liposome solubilization dynamics by real-time measurements of liposome size using the new DLS technique and direct observation of each liposome in the new microchip.
Experimental

Reagents and chemicals
A chloroform solution of dioleoylphosphatidylcholine (DOPC) was used for preparing liposomes by the Bangham method. The solution was evaporated to form a thin lipid film on the flask surface. By adding a phosphate buffer (pH 7.4), prepared by mixing 0.008695 mol sodium dihydrogen phosphate and 0.03043 mol disodium hydorogen phosphate in water at room temperature, the lipid film was swollen, and formed liposomes. The final concentration of the lipids in the suspension was adjusted to 2 mM. TX (polyoxyethylene-p-isooctylphenol) in the phosphate buffer was used as a surfactant, and the concentration was varied from 0.5 to 5 mM. This TX concentration range covers from values less than the saturation value of TX in the membrane and until the mixture of vesicles and the mixed micelle region; 26 then, the liposomes are expanded by taking up surfactants, or partly mixed micelles are emitted after the reaction comes to equilibrium. The CMC of TX in the buffer solution was measured using a fluorescence probe, and it was 0.4 mM, and then mostly the reaction was induced by TX micelles.
Apparatus
The microchip was made of a borosilicate glass, and its channel was 230 -240 μm wide and 100 μm deep (Fig. 1 ). The flow channel had a Y-junction and a "room" with a width of 1000 μm, set in the middle of the channel. In this microchip, the two fluids were mixed in the channel region between the Y-junction and the "room" by diffusion in a direction perpendicular to that of the flow. When flowing into the "room" section, the fluid speed decreased because of a sudden increase in the channel width. Figure 2 shows the mixing process at various flow rates observed by the coloring reaction of phenolphthalein and sodium hydroxide, where the reaction region is clearly identified as the solution turns from colorless to purple. Upon decreasing the flow rate, there was sufficient diffusion time for mixing, and the mixing area increased.
For monitoring the size of the liposomes in the microchip, a home-built DLS apparatus was used, 25 which features heterodyne detection with a transmission grating. The sample was irradiated by a laser with a wavelength of 532 nm and an intensity of 6 mW. The grating spacing was 10 μm and the detection angle was 32 . The autocorrelation curves were averaged 120 times per datapoint, per min. Before the DLS measurements, the liposome suspension was filtered by a syringe filter with a pore size of 400 nm. The liposome suspension and surfactant solution were introduced into the microchip at a rate of 1 μL/min by a syringe pump, and then the measurement was started after stopping the flow.
For microscopy observations, an optical microscope (Olympus, BX50) with a 50× objective was used. The liposome suspension and the surfactant solution were injected into the microchip at 1 μL/min, and then the pump was stopped and the liposomes in the "room" section were observed. Unlike the liposome solution in the DLS measurements, the solution was not filtered for these observations.
Results and Discussion
The temporal changes in the liposome size monitored several times for each TX concentration by DLS after mixing with the surfactants are shown in Fig. 3 . The initial diameter was scattered for each measured sample. However, the trend of the liposome diameter increased up to a certain value, and then gradually decreased at all TX concentrations. With increasing TX concentration, the time required for starting the size change shortened, and that for reaching the maximum liposome diameter decreased. These results indicate that the reaction was accelerated by an increase in the TX concentration. As the reaction time passes, it is difficult to obtain the exact diameter, because of the low intensity of the scattered light due to a decrease in the number of liposomes. The change in the typical autocorrelation curves during the reaction is shown in Fig. 4 . From our experiences, the size estimation is difficult after a reaction time of over 20 min. However, it has been clearly confirmed that the liposomes were solubilized from the increase in the transparency of the solution.
A typical solubilization process for a single liposome is shown in Fig. 5 . The successive images were observed by optical microscope every 1 min. Many liposomes were initially deformed because the suspension was not filtered; however, most of the liposomes became spherical about 7 min after the liposome suspension and the surfactant solution were mixed, as shown by the top and second rows images. Most of the spherical liposomes retained their shape for a few minutes, as shown in the second and third rows and suddenly started to shrink and gradually disappeared, as shown in the images in the bottom row. However, in some cases, it was observed that the shrunken liposomes ruptured and then disappeared. For multilamellar liposomes, after retaining their spherical shape for several minutes, the inside liposome poured out from the outer liposome (Fig. 6) . We observed 112 liposomes, including 41 multilamellar liposomes. Almost all of the unilamellar liposomes did not undergo the rupture process, but 13 multilamellar liposomes were ruptured. The solubilization dependence on the TX concentration is shown in Fig. 7 . This figure clearly shows that the surfactant concentration affected the reaction rate for both the initial shape change and the solubilization. In addition, the smaller liposomes disappeared faster compared with the larger ones; however, the fundamental solubilization processes were not varied by the surfactant concentration and the initial liposome size.
From the DLS measurements and microscopy images, the following dynamic mechanism, shown pictorially in Fig. 8, is proposed. First, with regard to the shape change observed in the microscope, the surfactant molecules are taken up into the liposome lipid bilayer membrane. Since the surfactant molecules are cone shaped with a hydrophilic head and a thin hydrophobic tail and the lipid molecules are cylindrical with a hydrophilic head and two hydrophobic tails, a vacant volume is generated in the membrane by inserting the surfactant molecule inside the membrane. This weakens the membrane structure, and to compensate for this, the liposome adopts a most stable shape, a sphere. This effect may also be explained by the dependence of the bending energy on the alkyl chain length of the surfactants. 27 In other words, the incorporation of molecules with a short alkyl chain, like TX, makes the membrane flexible, because the bending elastic constant of the mixed membrane is reduced, and then the shape is transformed into a sphere. 28 Although there is a possibility that the osmotic pressure was not balanced due to the contact between the liposome suspension and the buffer solution, it is denied because the addition of only the buffer did not change the shape.
In the next step, more surfactant molecules are taken up into the liposome membrane, increasing its size, which is monitored by DLS. Such a growth of the liposome by the addition of surfactants has been reported in the low-concentration stage in the three stage model. 24, 29, 30 The difference of our observation is that the size growth occurs transiently, even in the high concentration stage in the model. In the dynamic processes, surfactants are taken up in the membrane until the threshold of the emission of mixed micelles, and then they are emitted. Since Cocera et al. and Edwards et al. reported that the emissions of mixed micelles take place in a few seconds, 24, 29 the incorporation of the surfactant molecules into the membrane would be regarded as the rate-limiting step.
It appears that there is a threshold ratio between the number of surfactant and phospholipid molecules in the membrane, so that the liposome can retain its shape; once this value is exceeded, the liposome is broken up. This process can be explained that the Re value in the three-stage model by the change from the middle to high concentration region. 26 The threshold for the rupture phenomena was also predicted by Somasundaran et al. 18 and Cocera et al. 24 Finally, the mixed micelles are gradually released from the liposome and the liposome size decreases, as observed by the microscopy and DLS measurement. In multilamellar liposomes, vents are generated by the release of mixed micelles locally in the outer membrane, and the liposomes inside pour out. An open vesicle that has large pores sufficient to pour out an inside liposome is confirmed by the observation using cryo-TEM. 21, 29 Complicated behaviors of multilamellar liposomes due to these multilamellarity were reported recently.
31,32
Conclusions
We investigated liposome solubilization dynamics inside a room-embedded microchip by using a home-built DLS apparatus and an optical microscope. On the basis of the results, the following solubilization process is proposed: 1) Deformed liposomes are deformed into a spherical shape because the membrane strength becomes weaker due to the generation of vacancy in the membrane.
2) The spherical liposomes retain their shape for a few minutes, and become larger in size, since the number of surfactant molecules in the membrane increases.
3) The liposomes collapse into mixed micelles when the ratio of the phospholipids and surfactants in the membrane exceeds the threshold value. A newly designed microchip allows us to observe the reaction processes under the mixing of fluids, which would help us to understand the process from non-equilibrium to the equilibrium state.
